To determine the value of lactate and the adenosine metabolites inosine and hypoxanthine as indicators of myocardial ischemia, we measured the levels of these metabolites in arterial and coronary sinus blood of nine chronically instrumented dogs subjected to exercise stress before and during reversible circumflex coronary artery occlusion. The degree of circumflex bed hypoperfusion was measured by 15-,u microspheres and the reduction in circumflex coronary flow was measured with a proximal flow probe.
SUMMARY To determine the value of lactate and the adenosine metabolites inosine and hypoxanthine as indicators of myocardial ischemia, we measured the levels of these metabolites in arterial and coronary sinus blood of nine chronically instrumented dogs subjected to exercise stress before and during reversible circumflex coronary artery occlusion. The degree of circumflex bed hypoperfusion was measured by 15-,u microspheres and the reduction in circumflex coronary flow was measured with a proximal flow probe.
Adenosine metabolites, although below the level of accurate detection in our laboratory in arterial blood (i.e., 0.5 ,uMII), were detected in coronary sinus blood (range 2.7-18.7 ,uM/I) in 26 of 33 studies with partial circumflex occlusion when circumflex flow was reduced to less than 80 % of that seen during exercise without occlusion and when only subendocardial perfusion was reduced. Global left ventricular flow and transmural flow in nonischemic beds did not correlate with positive studies. Myocardial lactate extraction was a less accurate test for determining circumflex bed hypoperfusion. Thus, myocardial production of adenosine metabolites is a sensitive qualitative test of exercise-induced ischemia responding to a modest fall in coronary flow when only subendocardial hypoperfusion is present. DURING myocardial ischemia, catabolism of highenergy phosphate compounds results in an increased myocardial tissue content of adenosine.'-7 Increased formation of adenosine during ischemia may be of particular physiologic significance, since this compound readily diffuses into the interstitial space, where it may act upon the vascular smooth muscle. Adenosine is a potent coronary vasodilator, and thus may serve as a messenger, linking coronary blood flow to myocardial metabolic requirements.8 Upon entering the bloodstream, adenosine is rapidly metabolized to inosine and subsequently to the oxypurines, hypoxanthine and xanthine, which do not have significant vasodilator activity. 9 Coronary venous concentrations of adenosine and its metabolites increase in response to myocardial ischemia in experimental animals,0'-3 and the detection of increased concentrations of adenosine metabolites in coronary sinus blood has been proposed as an indicator of myocardial ischemia in man. 1>11 Although myocardial lactate production, which occurs as a consequence of anaerobic glycolysis during ischemia, has been the standard metabolic indicator of myocardial ischemia, 19-23 adenosine metabolite production has been reported to have greater specificity than measurements of lactate production for detection of pacinginduced myocardial ischemia in man.'4 Furthermore, the increase in arterial lactate concentration during exercise compromises the usefulness of this metabolic measurement as an indicator of exercise-induced ischemia. 24 25 Arterial levels of adenosine metabolites remain low during exercise, suggesting that the usefulness of these metabolites may not be comprised during exercise. 7 We evaluated the sensitivity of myocardial production of adenosine metabolites and lactic acid as indicators of myocardial ischemia during exercise in dogs with an experimental flow-limiting coronary artery stenosis.
Methods
Nine adult mongrel dogs trained to run on a motordriven treadmill were anesthetized with sodium pentobarbital (25 mg/kg) and ventilated with a respirator. The heart was exposed through a left thoracotomy in the fourth intercostal space and was suspended in a pericardial cradle. A polyvinyl chloride catheter, 3.0 mm o.d., filled with heparin-saline solution (200 U/ ml) was inserted into the left atrial cavity through the atrial appendage and secured with a pursestring suture. Another catheter was inserted into the root of the aorta via the internal thoracic artery. A third catheter was inserted into the left ventricular cavity through a stab wound in the apical dimple and also secured in place with a pursestring suture. The proximal 1.5 cm of the circumflex branch of the left coronary artery was dissected free and a Statham SP-type electromagnetic flowmeter probe was positioned around the vessel proximal to any branches. Care was taken to attain mechanical stability of the flow probe on the coronary artery to ensure a stable baseline during later blood flow measurements. An inflatable cuff-type hydraulic occluder constructed in our laboratory of polyvinyl chloride tubing (2.7 mm o.d.) was placed around the circumflex coronary artery just distal to the electromagnetic flowmeter probe.26 Injection of water into the occluder tubing with a tuberculin syringe allowed graded partial or total occlusion of the circumflex coronary artery as monitored by the electromagnetic flowmeter. The flowmeter leads, catheters and the occluder tube were tunneled dorsally into a subcutaneous pouch 555 VOL 66, No 3, SEPTEMBER 1982 at the base of the neck to be exteriorized at the time of study. The pericardium was loosely closed, the thoracotomy incision repaired, and the dogs were allowed to recover.
Seven to 10 days after surgery, exercise training was reinstituted on the treadmill. Studies were performed 14-21 days after surgery. On the day before study, the dogs were sedated with Inovar-Vet (0.1 ml/kg i.m.) and, using 2% lidocaine infiltration anesthesia, a cutdown was performed on the right jugular vein under sterile conditions. A #7F NIH catheter was inserted into the right jugular vein and advanced under fluoroscopic guidance into the coronary sinus with the tip 3 cm past the orifice. The chronically implanted catheters, flowmeter leads and hydraulic occluder tube were exteriorized from the subcutaneous pouch with a 1-cm skin incision using 2% lidocaine infiltration anesthesia. These devices were subsequently protected with a nylon vest which the dog had been trained to wear (Alice King Chatham). On the morning of study, the position of the coronary sinus catheter was confirmed with fluoroscopy by injecting 1-2 ml of diatrizoate meglumine to opacify the coronary sinus. At least 2 hours passed from the time of this injection before subsequent hemodynamic and flow measurements were made. The aortic, left atrial and left ventricular catheters were connected to Statham P23Db pressure transducers fastened to the vest at the midchest level of the dog. The flowmeter leads were connected to a Statham model SP 2202 eletromagnetic flowmeter for measurement of blood flow to the circumflex coronary artery. Data were recorded on a Hewlett-Packard model 8800 eight-channel directwriting oscillograph. The function of the hydraulic occluder was tested and the flowmeter zero baseline was established by brief total occlusion of the circumflex coronary artery. Measurements of regional myocardial blood flow were made with serial injections of microspheres, 15 ,u in diameter, labeled with gamma-emitting radionuclides 125J, '41Ce, 51Cr, S6Sc, 85Sr, 95Nb, (3M Company) and '13Sn (New England Nuclear). The microspheres were obtained as 1.0 mCi of each nuclide in 10 ml of 10% dextran and were diluted so that 1.0 ml, the volume injected, contained 3 x 106 microspheres. Before injection, the microspheres were mixed by agitation for at least 15 minutes in an ultrasonic bath and a vortex agitator. Serial injections of this quantity of microspheres resulted in no measurable change in heart rate, blood pressure or coronary flow in the dogs. The injections were made over a 15-second interval into the left atrial catheter and flushed with 10 ml of isotonic saline. A reference sample of arterial blood was collected from the aortic catheter at a constant rate of 15 ml/min with a Harvard model 1210 withdrawal pump beginning 5 seconds before each microsphere injection and continuing for 90 seconds.
Before beginning the study, the dogs were subjected to a 5-minute warmup while the exercise levels required to achieve heart rates of 180 and 225 beats/min were noted. After the dogs recovered from the warm-level and remained at that level for at least 15 minutes, hemodynamic variables and regional myocardial blood flow were measured with the dogs standing quietly on the treadmill. Aortic and coronary sinus blood samples, 5.0 ml each, were taken to determine lactate and adenosine metabolites. Immediately thereafter, microspheres were injected to measure the regional distribution of myocardial blood flow during control conditions. After the resting measurements, light and heavy control exercise studies were performed with the coronary artery occluder completely deflated to allow unimpeded coronary inflow. Light exercise was performed at a load adjusted to achieve a heart rate of approximately 180 beats/min. After 6 minutes of exercise at this level, the speed of the treadmill was increased to produce a heart rate of approximately 225 beats/min (heavy exercise). The light and heavy exercise periods were continuous, with no rest period in between. Hemodynamic variables were measured, aortic and coronary sinus blood sampled, and microspheres were administered for examining regional myocardial blood flow during the third to sixth minute of each exercise level. After these and subsequent exercise periods were completed, the dogs were allowed to rest for 30-60 minutes after their heart rates and circumflex coronary artery blood flow had returned to the control values. Aortic and coronary sinus blood samplings were then repeated, and the dogs then performed two additional exercise periods, each including continuous light and heavy exercise. These two exercise interventions were performed at the same loads used in the control exercise period, but a coronary stenosis was imposed on the circumflex coronary artery before beginning exercise and was maintained at a steady state of constriction throughout the exercise period. During the first occlusion level, designated moderate occlusion, the hydraulic occluder was inflated to a degree that limited the increase in circumflex coronary flow to approximately 150% of the control resting flow rate. During the second occlusion level, designated severe occlusion, the hydraulic occluder was inflated to a degree that prevented circumflex coronary artery flow from rising above the resting control level. In actual practice, a considerable range of circumflex coronary artery flows was found during exercise in the presence of the coronary artery constrictions, because of difficulty in achieving precise adjustment of the hydraulic occluder and because of the increases in arterial pressure during exercise. As during the control exercise period, hemodynamic variables were measured, blood samples were taken and microspheres injected during the third to sixth minute of each exercise level at both degrees of occlusion. Aortic and coronary sinus blood samples were also taken 1 minute after completion of treadmill exercise at both levels of occlusion and immediately upon release of the occlusion. Then, the coronary artery was briefly totally occluded to ensure stability of the zero flow baseline of the electromagnetic flowmeter. The hydraulic occluder was then completely deflated and the dogs were allowed to recover. up, i.e., when the heart rates had returned to a minimal 556 CIRCULATION After completion of the study, the dogs were anes-thetized with pentobarbital (25 mg/kg i.v.) and fluoroscopy was repeated to confirm the position of the coronary sinus catheter. There was no change in the position of the catheter in any of the dogs. The dogs were killed with a lethal dose of pentobarbital and the hearts were removed, weighed and fixed in 10% buffered formalin. The atria, right ventricle, aorta and large epicardial blood vessels were dissected from the left ventricle and discarded. The left ventricle was then sectioned into four transverse rings of approximately equal thickness parallel to the mitral valve ring. 27 Since injections of methylene blue into the circumflex coronary artery resulted in myocardial staining in a distribution encompassing the posterior free wall and posterior papillary muscle region, these specimens served as the regions under study during restricted coronary inflow; the corresponding anterior wall and anterior papillary muscle specimens served as controls. Each specimen was divided into four equal transmural layers from epicardium to endocardium, weighted on an analytical balance, and placed into vials for counting. The transmural layers were designated as layers 1-4, with layer 1 closest to the epicardium and layer 4 closest to the endocardium. Myocardial and blood reference specimens were counted in a Packard model 5912 gamma counting system with multichannel analyzer at window settings selected to correspond to the peak energies emitted by each radionuclide. The counts/min in each energy window were corrected for background activity and overlapping counts of the accompanying isotopes by a digital computer. Blood flow to each myocardial specimen was computed using the formula: Qm = Qr Cm/Cr, where Qm = myocardial blood flow (ml/min), Qr = reference blood flow rate (ml/min), Cm = counts/min of the myocardial specimen, and Cr = counts/min of the reference blood specimen. Blood flow to each myocardial specimen was divided by the sample weight and expressed as ml/min per g of myocardium.
Heart rate, arterial, left atrial and left ventricular systolic and end-diastolic pressures, as well as mean circumflex coronary blood flow, were measured directly from the strip-chart recordings. Relative blood flow rates in the presence of a circumflex coronary artery stenosis were determined by dividing mean blood flow measured with the electromagnetic flowmeter in the presence of the stenosis by blood flow obtained during the control exercise period at the identical external work load without occlusion.
Whole blood specimens were immediately deproteinized by rapidly adding 2.5 ml of 2.0 M iced perchloric acid. After centrifugation at 6000 g for 20 minutes in a refrigerated centrifuge, the protein-free supernatant was removed and neutralized. Lactate was measured enzymatically by conversion to pyruvate by lactate dehydrogenase according to the spectrophotometric method of Hadjivassiliou and Reider.28 The percentage of myocardial extraction of lactate was calculated as the arterial minus the coronary sinus concentration divided by the arterial concentration multiplied,by 100. A negative percentage was considered myocardial production of lactate. Adenosine me-tabolites were measured by sequential enzymatic degradation to uric acid by the addition of xanthine oxidase, nucleoside phosphorylase, and finally, adenosine deaminase in a single cuvette of an Aminco DW-2 dual beam, dual wave length recording spectrophotometer using wave lengths of 292 and 320 mm.29'30 The threshold of sensitivity for this method for determination of adenine nucleosides and oxypurines in our laboratory is 0.5 ,umol/l and the coefficient of variation for reproducibility is 4.4%.
Comparisons of hemodynamics, myocardial blood flow and biochemical data between each of the interventions was carried out by a one-way analysis of variance or a t test when appropriate. When analysis of variance demonstrated a statistically significant result (p < 0.05), the resultant simultaneous multiple comparisons between experimental groups were carried out using Bonferroni's method as a correction for the set of comparisons. Values in the text are given as mean ± SD.
Results
The hemodynamic results (table 1) show the expected increase in heart rate, aortic pressure and left ventricular end-diastolic pressure with increasing exercise loads. Left ventricular end-diastolic pressure was the )nly variable that changed due to the addition of the partial circumflex occlusion. The resting hemodynamic variables did not change after addition of either grade of partial circumflex occlusion from those seen at rest with no occlusion.
Myocardial blood flow at rest and during heavy exercise with unimpeded coronary inflow and the two levels of coronary stenosis is shown in figure 1 . Results during light exercise were qualitatively similar. During unimpeded coronary inflow, myocardial blood flow increased as a direct function of heart rate, and the increase in flow was similar in the anterior and posterior left ventricular wall. The reduction of blood flow to the posterior wall during exercise resulting from the proximal coronary stenosis was nonuniform; flow to the subepicardial myocardium (layer 1) showed no reduction, but blood flow in the deeper myocardial layers showed a progressive reduction. Although the transmural distribution of perfusion in the normally perfused anterior left ventricular wall was not changed by the presence of a left circumflex coronary artery stenosis, anterior wall blood flow tended to increase progressively with increasing coronary restriction, but this increase was significant only during heavy exercise ( fig. 1 ). Because of the increases in blood flow to the normally perfused areas of left ventricle during coronary constriction, total blood flow to the entire left ventricle was not changed by the presence of either mild or severe coronary stenosis.
Aortic and coronary sinus lactate and myocardial uptake of lactate are shown in table 2 and figure 2. At rest, lactate extraction tended to diminish as the circumflex occlusion was increased, but never reached lactate production (table 2) . During unimpeded circumflex coronary blood flow, lactate extraction increased significantly during exercise. Exercise with circumflex coronary occlusion resulted in reduced lactate extraction, and sometimes frank lactate production, during both light and heavy exercise with both moderate and severe occlusions. There was no increase in lactate production, however, as the stenosis became more severe or the exercise load increased.
Total concentrations of adenosine metabolites (inosine plus hypoxanthine and xanthine) were less than 0.5 ,uM/l in all arterial and coronary sinus blood samples at rest and in all samples during exercise with or without circumflex coronary artery occlusion. Immediately after release of the circumflex coronary artery occlusion, arterial concentrations of these metabolites were measured at levels greater than 0.5 AM/l in seven of 17 studies (range 1.2-9.8 ,uM/l). During exercise without circumflex coronary artery occlusion, no coronary sinus blood sample had a concentration of adenosine metabolites greater than 0.5 AM. However, during exercise with partial circumflex coronary artery occlusion, adenosine metabolites in 26 of 33 coronary sinus blood samples had concentrations greater than 0.5 ,uM/l (mean 8.3 + 4.67 pM/l, range 2.7-18.7 tMI 1). The contributions of inosine and hypoxanthine-xanthine to total adenosine metabolites were essentially equal. Figure 3 shows the relative left circumflex coronary artery blood flows during exercise in relation to myocardial lactate uptake and adenosine metabolite production. There was a great degree of overlap in relative circumflex coronary artery flow between the 17 studies with and the 15 studies without lactate production. However, when the 26 studies with and seven without coronary sinus adenosine metabolite concentrations of 0.5 ,iM or greater were compared, there was a significant difference in relative circumflex flow (p < 0.01). Furthermore, all negative studies occurred when the relative circumflex flow during occlusion was 80% or more of nonoccluded flow and all positive studies occurred when the relative flow was 73% or less. Lactate production occurred in only one case when there was no myocardial purine production. The circumflex flow was 88% of control for this study.
In Values are mean ± SD.
Abbreviations: AO = aortic concentration of lactate; CS = coronary sinus concentration of lactate; % = percent myocardial lactate extraction (Ao -CS/Ao x 100).
*p < 0.05 compared with value at rest. tp < 0.05 compared with value with no occlusion at same exercise level.
concentrations of inosine and hypoxanthine greater than 0.5 ,M/I and studies associated with less than 0.5 ,MII. There is a marked overlap of subepicardial flows (NS), whereas there is a clear separation of subendocardial flows between dogs with and without detectable myocardial purine production (p < 0.01).
In the 26 studies with adenosine metabolite production, there was no strong relationship between the concentrations of coronary sinus inosine and hypoxanthine and the degree of restriction of circumflex flow during exercise. However, coronary sinus adenosine metabolite concentrations immediately after release of the occluder in the recovery period after the exercise study were increased in eight instances and decreased in eight. The relative circumflex flow during the preceding exercise period was 25 + 8.5% of control when the coronary sinus adenosine metabolite concentrations increased upon release of occlusion and 68 ± 25.4% of control when the metabolite concentrations decreased (p < 0.01). The relative posterior subendocardial flows during exercise were 12 ± 8.5% when metabolite concentrations increased upon release of Light Exercise the occlusion compared with 61 ± 45.3% when the metabolite concentrations decreased (p < 0.01).
After release of the moderate occlusion, the coronary sinus lactate concentration rose 18.0% (NS); after release of the severe occlusion, it increased 44.0% (p < 0.05). Although coronary sinus lactate concentrations increased to a higher level after release of the severe occlusion than after release of the moderate occlusion, there was no statistically significant relationship between the degree of reduced circumflex flow and this increase in coronary sinus lactate concentrations.
Discussion
Myocardial lactate extraction during unrestricted coronary flow in the present study was similar to that reported in normal human subjects at rest and during exercise. The significant increase in arterial lactate concentration during heavy exercise with ischemia is presumably due to myocardial failure with inadequate systemic tissue perfusion. 24 25 Adenosine and its metabolites have been measured Heavy Exercise in increased concentrations in coronary sinus blood in patients with evidence of myocardial ischemia. 8 33 Fox et al.3" detected release of adenosine into coronary sinus blood by the myocardium during pacing-induced ischemia in patients with coronary artery disease. However, the assay used in that study required concentration of large volumes of coronary sinus blood (approximately 90 ml) to obtain enough adenosine for reliable detection. Kugler,"7 18 using chromatographic separation and enzymatic analysis, reported that inosine was the most sensitive adenine nucleoside metabolite in coronary sinus. blood FIGURE 4 . Relative supepicardial flows and subendocardial flows are plottedfor studies positive and negativefor coronary sinus adenosine concentrations greater than 0.5 ,uM during exercise with partial circumflex coronary artery occlusion. There is a clear separation of relative subendocardial flows between studies positive and studies negative for measurable adenosine metabolite production during exercise, whereas there is a marked overlap of relative subepicardial flows. scribed in this study without separation of red cells from plasma, and Remme et al.,'5 using a similar analytic technique on plasma, found that myocardial hypoxanthine production was a more sensitive indicator of pacing-induced myocardial ischemia in patients with coronary artery disease. In the present study, the concentrations of inosine and hypoxanthine detected in coronary sinus blood during exercise in the presence of a coronary stenosis were of approximately equal magnitude, so that the sum of these adenosine metabolites was used.
Using more sensitive analytic techniques, Fox et al.3" demonstrated that adenosine may be detected in coronary sinus blood during norm.al conditions. Because of the lower sensitivity of the assay used in this study,3' arterial and coronary sinus concentrations of adenosine and its metabolites were below the level of accurate detection during unimpeded coronary artery inflow. However, during exercise with even a modest degree of myocardial hypoperfusion, inosine and hypoxanthine were readily detected in coronary sinus blood, while adenosine metabolites remained undetectable in arterial blood. A more sensitive assay technique for adenosine and its metabolites could result in detection of even milder degrees of hypoperfusion. Nevertheless, even with the assay technique used in the present study, which can be readily performed on small volumes of blood, myocardial production of detectable levels of inosine, xanthine and hypoxanthine was found to be a sensitive indicator of ischemia that could detect relatively modest levels of hypoperfusion.
We could not demonstrate a strong quantitative relationship between the degree of myocardial hypoperfusion and concentration of either lactate or adenosine metabolites in the presence of a coronary stenosis. There are several possible reasons for this lack of correlation. First, the concentration of a product of ischemic metabolism could vary, depending on the location of the sampling site, since the relative contributions of venous drainage from ischemic and nonischemic myocardial beds may result in a variable admixture throughout the coronary venous system. 32 34 Thus, variation in catheter position and venous anatomy could alter the contributions of ischemic metabolites Iv, c sampled by the coronary sinus catheter. Second, increasing blood flow rates in normally perfused areas of myocardium would tend to dilute the ischemic metabolites during exercise. Gertz et al. 35 found a positive correlation between lactate extraction and the arterial lactate level in 16 healthy volunteers during resting conditions and pacing at 150 beats/min (r -0.78). We also found a positive correlation between lactate extraction and the arterial lactate level during exercise -with circumflex flow restriction (r = 0.77). Thus, an increasing level of lactate extraction during exercise by nonischemic myocardium would further obscure ischemic myocardial lactate production. Finally, although progressive severity of hypoperfusion may result in increasing tissue levels of ischemic metabolites, representation of these myocardial areas in the venous drainage may actually decrease as the degree of hypoperfusion becomes more severe. This was well shown by Apstein et al. 36 in isolated perfused rat and rabbit hearts, where lactate production actually decreased with worsening ischemia. In this study, release of the circumflex occluder after the periods of ischemia often leads to a rise in lactate and adenosine metabolite concentrations in coronary sinus blood, suggesting that washout of these products that had accumulated during the interval of ischemia followed release of the occlusiom-Our results do show, however, a strong qualitative relationship during exercise between myocardial hypoperfusion and adenosine metabolite production -and confirm the previous work indicating a weak relationship with myocardial lactate production.
In conclusion, myocardial production of adenosine metabolic products is a sensitive qualitative indicator of myocardial hypoperfusion during exercise stress. Further research and clinical use of this test as an index of myocardial ischemia therefore appears to be justified.
